Chemometric techniques were used to assess the quality of 51 commercial Brazilian sugarcane spirits (cachaça) based on chemical markers. Benzo(a)pyrene, methanol, 2,3-methyl-1-butanol, acetaldehyde, isobutyl alcohol, npropanol, density, alcoholic strength, and higher alcohols were quantified using chromatographic methods and results were subjected to Principal Component Analysis (PCA), Hierarchical Cluster Analysis (HCA), and Linear Discriminant Analysis (LDA). No significant differences (p ≥ 0.071) were observed in the chemical markers of Brazilian aged and non-aged cachaça samples. Besides non-significant (p = 0.922), the content of benzo(a) pyrene in aged sugarcane spirits was 1.83 times higher than in non-aged ones. Differences in alcoholic strength (p = 0.001) and n-propanol (p = 0.015) were observed among cachaças produced by double distilling, alembic and in stainless steel columns. PCA was not suitable to separate the samples according to the provenance, aging and distilling process, while HCA was effective in separating alembic cachaças produced by from two distinct producing regions. LDA seemed to be very suitable to assess not only the provenance but also the distilling and aging processes that cachaça undergoes, yielding about 91% accuracy to discriminate non-aged from aged cachaça, 81.82% and 86.61% accuracy to discriminate samples from Minas Gerais and São Paulo, respectively.
Introduction
Sugarcane spirit (cachaça) is a typical Brazilian alcoholic beverage obtained from the distillation of fermented sugarcane juice, and its alcoholic strength varies from 38 to 48 mL·100 mL −1 at 20°C (MAPA, 2005) . After beer, cachaça is the most consumed alcoholic beverage in Brazil (ABRABE, 2013) , and its annual production reaches up to 1.2 billion liters; however, only 1% of this total is exported, mainly to Germany, United States, Portugal and France. Cachaça is widely used for the preparation of caipirinha (lemon juice added with ice and cachaça) and also some dishes (MAPA, 2005) .
In Brazil, there are two main processes to produce sugarcane spirits: alembic or industrial cachaça. In accordance with Souza et al. (2009) , when the distillation process is performed in alembics, three main fractions are separated on the basis of their alcoholic contents: the head, heart, and tail. The heart fraction presents an alcoholic degree of 38-50% (v/v) and represents approximately 80-85% (v/v) of the total volume of the distilled, and is commonly known as alembic. When industrial stainless steel columns are employed, a continuous distillation process yields a homogeneous fraction with an alcoholic degree of 35-65% (v/v). Generally, cachaça produced by copper pot stills (alembics) is obtained from small field crops, where the cane harvest is manual, while industrial cachaças (distilled in stainless steel columns) are obtained from field crops, usually with mechanized harvesting after burning the straw (Caruso, Nagato, & Alaburda, 2010) .
Ethanol is the main product of fermentation of sugar cane; however, the minority or secondary compounds (volatile acids, aldehydes, esters and other types of alcohol) are responsible for the characteristic aroma and flavor of the beverage. These compounds are produced by the degradation of some amino acids and once they have a considerable molecular weight, they are concentrated mainly in the "tail". According to the Normative Instruction n°13/05 (MAPA, 2005) , higher alcohols present in cachaças can be estimated by summing the content of n-propanol, 2-methyl-1-butanol, 3-methyl-1-butanol, and isobutanol, and the maximum allowed concentration is 360 mg·100 mL −1 of absolute alcohol. E-mail address: granatod@gmail.com (D. Granato).
Table 1
The limit of quantification, limit of detection, regression equation and the coefficients of determination for the chemical markers of Brazilian sugarcane spirits.
Chemical markers LOQ LOD Regression equation R 2
Benzo(a)pyrene (ng · mL −1 ) 0.1 0.03 y = 331,713 × −626 0.9995 Methanol (mg · 100 mL −1 AA) 2.0 0.67 y = 0.4723 × −0.0061 0.9998 Acetaldehyde (mg · 100 mL −1 AA) 4.0 1.33 y = 0.1008 × −0.0008 0.9994 n-Propanol (mg · 100 mL −1 AA) 5.0 1.67 y = 0.8608 × −0.0272 0.9985 Isobutanol (mg · 100 mL −1 AA) 5.0 1.67 y = 1.0342 × −0.0172 0.9994 2,3-Methylbutanol (mg · 100 mL −1 AA) 6.0 2.00 y = 1.0621 × −0.0221 0.9993
Note: LOQ = limit of quantification; LOD = limit of detection. Methanol is produced in small concentrations during fermentation because of the hydrolysis of pectins, and its content is normally below 20 mg·100 mL −1 absolute alcohol (MAPA, 2005) . The benzo(a)pyrene (BaP) is a polycyclic aromatic hydrocarbon compound that has been considered as carcinogenic to humans (IARC, 2012) . Its formation can be associated with the incomplete combustion of organic matter and its presence in cachaças can be explained by several factors: production during the burning of sugarcane; by contamination during the period in which the industrial cachaças are stored in tanks coated with asphalt resins while waiting to be bottled; or by contamination during the aging process in wood casks (previously burned almost up to carbonization) (Caruso & Alaburda, 2009) . Although the evaluation of BaP in cachaças is demanding to assure the safety of such products, there is no specific legislation in Brazil regarding the maximum content of BaP in cachaça.
The statistical evaluation of chemical, sensory and other quality parameters of a wide range of foodstuffs, ingredients and beverages by using multivariate techniques is well recognized and accepted worldwide. These techniques have gained much attention and have been more widely used in Food Science and Technology because they provide not only a better visualization and interpretation of experimental data but also they allow the analyst to draw more conclusive assumptions of some food components when many samples are evaluated (Pereira et al., 2012; Souza et al., 2011) . In this sense, the objective of this study was to evaluate the feasibility of different chemometric techniques in assessing the provenance, type of aging and distilling processes of commercial Brazilian sugarcane spirits based on chemical markers.
Material and methods

Sampling
Commercial cachaça samples (n = 51) from different distilling processes, producing regions and aging, were acquired in the commerce of São Paulo, Brazil. A total of 51 samples of different batches and/or brands were analyzed, in which 33 were non-aged and 18 were aged cachaças. With regard to the producing region, samples from São Paulo (n = 23), Minas Gerais (n = 22), Mato Grosso (n = 2), Ceará (n = 2) and Pernambuco (n = 2) were analyzed. It is noteworthy that São Paulo and Minas Gerais are the largest Brazilian producers of sugarcane spirits.
Chemicals
Ethyl alcohol (Merck, Germany), methanol (Merck, Germany), acetaldehyde (Fluka, USA), n-propanol and isobutyl alcohol (Sigma, USA), 3pentanol (Merk, Germany), 2-methyl-1-butanol (Aldrich, USA), 3methyl-1-butanol (Aldrich, USA), Benzo(a)pyrene (BaP) (Sigma Aldrich, USA), cyclohexane (Merk, Germany), and acetonitrile (J.T. Baker, USA) were used in the experiment.
Analytical determinations
The alcoholic strength was obtained from the conversion of the value of relative density at 20°C/20°C in alcoholic strength volume percent using a digital densimeter (Mettler DA-300, Brazil) (Nagato, Caruso, Duran, Carvalho, & Cano, 2005) .
The contents of methanol, acetaldehyde, n-propanol, isobutanol, 2methyl-1-butanol, and 3-methyl-1-butanol were quantified in triplicate according to the procedures outlined by Nagato et al. (2005) by gas chromatography coupled with a flame ionization detector (model 9001GC, Finnigan, USA), using hydrogen as gas carrier and a capillary column (CP-Wax 52 CB, 30 m × 0.25 mm × 0.25 μm, Varian, Australia). A calibration curve for internal standardization employing 3-pentanol as internal standard was built and used for quantification. Higher alcohol contents were estimated by the sum of n-propanol, isobutanol, 2methyl-1-butanol and 3-methyl-1-butanol. Results were expressed as mg·100 mL −1 of absolute alcohol (AA). The solutions of chemical compounds were prepared using ethyl alcohol.
Benzo(a)pyrene (BaP), which is an organic contaminant present in sugarcane spirits, was extracted by solid phase extraction with cyclohexane in a Accubond SPE C-18 cartridge (500 mg, 6 mL) and quantification was carried out, in triplicate, using an HPLC system coupled with a fluorescence detector (Shimadzu, Japan) set at λ exc = 295 and λ em = 405 nm. The system was composed of a reversed-phase C-18 column (Varian, Australia, 250 mm × 4.6 mm × 5 μm) and a guard column C-18 (Varian, Australia, 20 mm × 4.6 mm × 5 μm). The mobile phase was composed of acetonitrile:water (70:30) with isocratic elution. The BaP quantification was performed by a calibration curve with a high-purity BaP standard.
The limit of quantification, regression equation and the coefficients of determination of the selected chemical markers evaluated in this study are presented in Table 1 . 
Statistical analysis
Data were presented as mean ± SD (n = 3). In order to standardize the results from the benzo(a)pyrene, the values below the limit of quantification (LOQ) were replaced by LOQ/2 (Bergstrand & Karlsson, 2009 ). The quantitative variables were analyzed for normality of distribution using the Shapiro-Wilk test prior to any statistical analysis. In order to compare the results for aged and non-aged spirits, the F-test for homogeneity of variances followed by Mann-Whitney or Student-t test for independent samples was applied to compare the groups. Samples coming from different distilling processes were compared using oneway ANOVA or Welch test followed by the Fisher LSD or Kruskal-Wallis test. P-values below 0.05 were used to reject the null hypothesis.
In the current study, chemometric techniques namely Principal Component Analysis (PCA), Hierarchical Cluster Analysis (HCA) and Linear Discriminant Analysis (LDA) implemented in the Statistica v.11 software (Statsoft, Tulsa, USA) were used to explain the experimental results with respect to provenance, distilling and aging processes of cachaça. Prior to chemometrics application, the responses were autoscaled to obtain relativized data using Eq. (1):
where Z is the standardized value for each value of the response, X ij represents the original value for the object (i) of measured attribute (j), X j is the mean value of variable j, and s j is the standard deviation for the attribute. All response variables (n = 8) were adopted as columns and the sugarcane spirit samples as cases (n = 51), for a total of 408 data points.
In PCA, samples are projected in a two-dimensional factor-plane which enables the visualization of results and samples concomitantly. Analyses were based on linear correlation and variances were computed as sum of squares/(n-1) (Macedo et al., 2013) . Two principal components (PC1 vs. PC2) were used to project the experimental data, and the eigenvalues and the total variance explained by this multivariate approach was provided (Alezandro, Granato, Lajolo, & Genovese, 2011) .
HCA is an unsupervised statistical technique that looks for natural groupings among samples characterized by a selected number of features (responses), enabling the exploration and a better understanding of patterns of the data set (Granato, Branco, Cruz, & Faria, 2011) . All response variables were used and sample similarities between two samples (x, y) were calculated on the basis of the Euclidean metric, using Eq. (2):
while the Ward's method, which is similar to an ANOVA approach, was used to establish clusters of similar samples. A dendrogram for samples was built to obtain a two-dimensional projection of the similarity of the entire set of samples (Granato, Katayama, & Castro, 2012) . LDA is a supervised statistical technique used to find a linear combination of features which characterizes or separates two or more classes of objects. LDA is closely related to analysis of variance and linear regression analysis, which also attempts to express one dependent variable as a linear combination of other features or measurements (Statsoft, 2013) . In this work, the contents of benzo(a)pyrene, methanol, acetaldehyde, and higher alcohols were used as independent variables once they presented a significant discriminant power in the model (p b 0.05), while provenance, distilling and aging processes were used as responses. Classification scores, given by the correct classification of all samples using the selected factors, were calculated by applying Eq. (3):
where the subscript i denotes the respective group; the subscripts 1, 2, …, and m denote the m variables; c i is a constant for the i'th group, w ij is the weight for the j'th variable in the computation of the classification score for the i'th group; x j is the observed value for the respective case for the j'th variable and S i is the resultant classification score, given in percentage (Zielinski et al., 2014) .
Results and discussion
Experimental results showed that the contents of BaP ranged from 0 to 0.86 μg·L − 1 , while acetaldehyde varied from 4.4 to 101.4 mg·100 mL − 1 AA, methanol was in the range of 2.5 to 10.0 mg·100 mL − 1 AA, isobutanol was comprehended between 19.3 and 88.3 mg·100 mL − 1 AA, n-propanol was between 32.6 to 449.2 mg·100 mL − 1 AA and 2,3-methylbutanol content ranged from 80.4 to 260.0 mg·100 mL −1 AA. According to Table 2 , no significant differences (p ≥ 0.071) were observed in the selected chemical markers of Brazilian aged and non-aged cachaças. Besides non-significant (p = 0.922), the content of benzo(a)pyrene in aged sugarcane spirits was 1.83 times higher than in non-aged ones. With respect to the aging process, cachaças are aged in toasted wood casks to enhance the aromatic profile and thus a higher content of aroma compounds that are associated with the sensory properties of this beverage is attained (Duarte, Cardoso, Pinheiro, Santiago, & Carvalho, 2012) .
Significant differences in alcoholic strength (p = 0.001) and npropanol (p = 0.015) were observed among sugarcane spirits produced by double distilling, alembic and in stainless steel columns (Table 3) . Besides non-significant (p = 0.100), the content of benzo(a)pyrene from cachaça produced by stainless steel columns was 5.89 and 4.31 times higher than the mean value found for samples produced by alembic and double distilling, respectively. The content of acetaldehyde from samples produced by stainless steel columns was 1.54 times higher than the mean value obtained for cachaças produced by double distilling. In this sense, it is widely known that differences in results among cachaças are because of the type of distilling process used to manufacture the products, quality control employed in each industry, and physicochemical properties of sugarcanes, etc. All these factors play an important and decisive role in the quality (sensory, chemical, physical) of these spirits. Therefore, no homogenous results were obtained in the current work. Based on this, it would be necessary to establish technological, chemical and processing parameters to standardize the physicochemical features of Brazilian cachaças.
Using univariate statistics, such ANOVA approaches, little (or even no) differences (p N 0.05) in the chemical markers were observed with respect to the type of distilling or aging process. Thus, the use of sophisticated statistical techniques, such as chemometrics, was required to a better understanding of the experimental results and also to attempt a classification of Brazilian sugarcane spirits according to provenance, type of distilling and aging. In the current work, the performance of three different multivariate statistical techniques was assessed: PCA, HCA, and LDA.
In accordance with Pereira et al. (2012) , PCA is a useful technique for finding patterns in high-dimensional data and for plotting those data in a way that highlights the similarities and differences among the points. The first PC (eigenvalue of 2.82) separated the samples with respect to the content of higher alcohols, methanol, acetaldehyde, isobutyl alcohol and 2,3-methyl-1-butanol, while the second PC (eigenvalue of 2.16) separated the cachaça samples in relation to the content of higher alcohols, alcoholic strength, and n-propanol (Fig. 1) . The content of benzo(a)pyrene was associated with the third PC (eigenvalue of 1.07). Both PC1 and PC2 explained up to 62% of variability in experimental data, but it was not possible to observe a clear separation of samples neither in terms of distilling process nor by the local of production (Fig. 1) . Therefore, PCA was not a suitable tool to assess the samples with respect to the chemical parameters evaluated in this study. These data corroborate the findings obtained by Souza et al. (2009) who analyzed 47 samples by using direct infusion electrospray ionization mass spectrometry in the negative mode and concluded that PCA presented no clear separation among cachaças as a function of the geographical region of production.
Hierarchical cluster analysis draws connections between cachaças, producing a dendrogram in which similar samples are grouped, and this similarity is a function of the distance between the samples. In this work, HCA was applied to all variables in order to check for similarities among cachaças produced in different regions of Brazil (Fig. 2) . In a general way, alembic cachaças produced in Minas Gerais and São Paulo (Cluster 2), which are the largest producers in Brazil, were clearly separated from the other samples. Obviously, other alembic cachaças were also present in Cluster 1, but this statistical technique was more effective than PCA in showing patterns in the experimental data. All double distilled cachaças were included in Cluster 1 and only one sample produced by column was in Cluster 2. The 2D scatter plots resulting from applying LDA to the data expressing chemical parameters in cachaças are presented in Fig. 3 . Using LDA, samples were assessed with respect to the provenance, type of distilling process, and if samples were aged or not. For the first approach, 82.61% of samples from São Paulo and 81.82% of cachaças from Minas Gerais were classified correctly using the selected chemical markers (benzo(a)pyrene, methanol, acetaldehyde, 2,3-methylbutanol and higher alcohols). Herein, 96.67% of cachaças produced by means of alembic and 50% of samples produced by column were adroitly classified. In relation to the aging process, 90.91% of non-aged cachaças were correctly classified using the chemical markers. Thus, it is possible to assume that LDA is a suitable and simple supervised statistical approach to assess the provenance, type of distilling process, and aging process of Brazilian spirits by using some chemical markers of quality. Herein, Reche et al. (2007) analyzed 34 chemical markers in 115 Brazilian cachaças and data were treated with LDA, where ethanal, ethyl carbamate, dimethyl sulfide, isobutyl alcohol, n-propanal, copper, ethyl acetate, and phenylmethanal were used as independent variables. Results showed accuracy of 95.1% in predicting the type of distillation (alembic or industrial cachaças). The correct classification of cachaças according to the provenance, distilling process and aging using linear discriminant analysis is shown in Table 4 . Pereira et al. (2012) analyzed 32 samples from Cape Verde and Brazil and the results showed that both hierarchical cluster and principal component analyses were able to separate sugarcane spirits from Cape Verde from Brazilian sugarcane spirits based on the contents of n-propanol, isobutyl alcohol, higher alcohols, pH, alcoholic grade, acetaldehyde, acetic acid and acetate. In the same sense, Franco and Reche (2009) analyzed 82 Brazilian cachaças in terms of 35 chemical parameters and subjected the experimental data to chemometrics (Quadratic Discriminant Analysis, Partial Least Square Discriminant Analysis, and Factor Analysis). Authors verified that it was possible to classify correctly 91.7% of samples based on the content of acetaldehyde, ethyl carbamate, isobutyl alcohol, benzaldehyde, acetic acid and formaldehyde, while factor analysis explained 66% of the database variance. Alexandre, Goraieb, and Bueno (2010) analyzed 20 Brazilian cachaças in terms of fixed acidity, sucrose content, instrumental color, and Xray fluorescence and results were evaluated by PCA and Partial Least Square Regression. Authors concluded that these parameters and statistical techniques are quite promising for monitoring the quality of cachaças.
These results demonstrated that there is not a standard of Brazilian cachaças marketed in the country, once a high variation in chemical parameters was obtained and this fact was corroborated by PCA and HCA models. However, using LDA it was possible to classify commercial Brazilian sugarcane spirits based on some chemical compounds, indicating that these parameters may be markers to assess the provenance, and type of process used to manufacture these products.
Conclusions
In the present work, chemometric techniques were coupled to analytical parameters to classify commercial Brazilian sugarcane spirits. PCA did not show positive results once no obvious separation of samples was observed, while HCA was effective in separating samples produced by alembic from two distinct producing regions. LDA was suitable to assess not only the provenance but also the distilling and aging processes of commercial cachaças. This is a remarkable result as the differentiation between these samples is important from the economical standpoint. The current study presents a limitation: although the results were positive, more samples, from different producing regions and types of processing, should be analyzed to confirm the results obtained. Additionally, the performance of other multivariate statistical techniques Correct classification of cachaças according to the provenance, distilling process and aging using linear discriminant analysis.
Response variables Accuracy (%)
Provenance São Paulo (n = 23) 82.61 Minas Gerais (n = 22) 81.82 Ceará (n = 2) 50.00 Pernambuco (n = 2) 0 Mato Grosso (n = 2) 0
Distilling process Alembic (n = 30) 96.67 Column (n = 16) 50.00 Double-distilling (n = 5) 0
Aging process Non-aged (n = 18) 90.91 Aged (n = 33) 27.78
should be tested to a better classification of commercial cachaças based on chemical parameters.
